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DEFINITION AND EFFECT OF CHEMICAL PROPERTIES OF 


SURFACES IN FRICTION, WEAR. AND LUBRICATION 
by Donald H. Buckley 

National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135 

ABSTRACT 

Much of the data relative to the properties of surfaces that have 
been used in the past in analyzing, interpreting and predicting adhesion, 
friction and wear behavior for solid surfaces is now suspect. With the 
advent ot analytical surface tools, careful and complete characterization 
of surfaces indicate that very frequently the outermost layers of solid 
surfaces are markedly different in chemistry than had been previously 
thought. These layers, as will be shown, are extremely important in 
adhesion, friction and wear behavior. Some of the properties to be 
discussed in the paper relative to their role in adhesion, friction, wear 
and lubrication will include: (1) adsorption, both physical and chemical; 
(2) orientation of the solid as well as the lubricant; (3) surface energy; 
(4) surface segregation; (5) surface versus bulk metallurgical effects; 

(6) electronic nature of the surface; and (71 bonding mechanisms. 

INTRODUCTION 

The properties of surfaces are extremely important in the adhesion, 
friction, wear and lubrication of materials. This fact was recognized 
by Sir William Hardy 1 over a half a century ago’. It has, however, only 
recently been possible to define ami fully characterize these surfaces. 
The advent of sivcial surface tools has assisted in the characterization. 
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These include: field ion microscopy (FIM), the atom probe, low energy 
electron diffraction (LEED), Auger emission spectroscopy analysis 
(AES), electron spectroscopy for chemical analysis (ESC A), ellipsometry 
and scanning electron microscopy (SEM). 

Through the years from Hardy to the availability of these tools, con- 
siderable research has been conducted relative to the physics, chemistry, 
and metallurgy of solid surfaces, in general, and more specifically as 
related to tribological systems. In light of the current identification of 
the real nature of solid surfaces many of the concepts, mechanisms and 
theories previously held may have to be modified or discarded. This 
may be particularly true where bulk properties have been used to predict 
surface behavior. 

The objective of this paper is to review the importance of surface 
effects and the need for a careful definition of solid surfaces in friction, 
wear and lubrication. While in the past the physicist, chemist, and 
metallurgist had well defined areas of activity with regard to the behavior 
of materials it will become evident that the chemistry of surfaces to 
which this paper is devoted will involve, of necessity, physics and met- 
allurgy. Some of the properties to be discussed in the paper relative to 
their role in adhesion, friction wear and lubrication will include, adsorp- 
tion, both physical and chemical, orientation of the solid as well as the 
lubricant, surface energy, surface segregation, surface versus bulk 
metallurgical effects, electronic nature of the surface and bonding mech- 
anisms. 


REAL SURFACES 

Until approximately ten years ago it was very common to find in 

classical texts on surface chemistry a nearly complete absence of the 

characterization of solid surfaces with which gases and liquids would 
2 

interact. A wealth of literature has been developed through the years 
concerning adsorption to solid surfaces, particularly chemisorption. 
Again, very little attention has been paid to the nature of the surface of 
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the solid involved. Frequently M was used to designate the metal 

3 4 

involved where adsorption studies were conducted with metals. ’ 

In the field ol tribology because of the importance of surfaces the 

5 

presence of oxides and adsorbates has been recognized. Despite this 
recognition it has been a common practice to consider solid surfaces, 
which are usually metals, as reacting directly with the lubricants, in- 
dicated by way of example in References 6 to 10. Frequently metal 
powders, particularly iron have been used as the adsorbing surface 
for the lubricant. * ^ Metal powders have, however, been identified as 
being poor relative to gas adsorption; they are poor with respect to 
both surface cleanliness and characterization. ** The same may be 
said wiUi regard to liquids. 

li the surface of high purity iron (vacuum zone refined) is examined 
with Auger emission spectroscopy it is found to contain more than simply 
iron as indicated in Fig. 1(a). In Fig. 1(a) in addition to iron, oxygen, 
carbon, and sulfur are detected on the surfaces. These elements are 
stable on the surface and resist techniques such as heating to 500° C 
to achieve their removal The only method found effective in accom- 
plishing the removal of all the extraneous elements was argon ion 
bombardment. 

Figure 1(b) is an Auger emission spectrum for the iron surface 
after argon ion sputter cleaning. The only element detected is iron. 

The surface atoms of Uie iron however been strained by the ion bombard- 
ment If the clean iron surface is then heated to 500° C to anneal the 
surface, carbon from the bulk diffuses to the surface and contaminates 
the surface. A LFFD pattern is presented in Fig. 2(a) for this surface. 

In Fig. 2(a) the four brightest spots in a rectangular array are due 
to the iron (Oil) crystal surface. The diffuse and less intense spots 
appearing in a circular pattern are due to the carbon contamination. 

The Auger spectrum of Fig. 3 indicates that the surface contaminant is 
carbon. 

The removal of the carbon by argon ion bombardment results in the 
LFED pattern of Fig. 2(b). The diffraction spots are diffuse and elon- 
gated. A very modest heating at 200° C for a very short period of time 
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results in the LEED pattern of Fig. 2(c) for the clean annealed iron 
(Oil) surface . 

The interaction of even the simplest of elements with the clean iron 
surface becomes very involved and must be carefully followed to under- 
stand the mechanism of interaction. This is accomplished with the aid 

of surface analytical tools. It has been very effectively done in the study 

12-14 

of the chemisorption and chemical reaction of oxygen with iron. 

The surfaces of most metals are not too different from that observed 
for iron and usually there are a number of elements present on the sur- 
face in addition to those of the metal. The role of these elements on the 
interaction of lubricants with the solid surface is not fully understood 
but some ot these reactions will be discussed later in reference to gas- 
solid surface interactions. 


SURFACE ENERGY 


If one cleaves a crystalline solid along its cleavage plane, two highly 

chemically active surfaces are generated. The cleavage process causes 

the fracture of cohesive lx.nds across the cleavage interface and these 

fractured bonds leave the surface in a highly energetic state. The energy 

of the surface will bo dependent on both the elemental nature of the bonds 

broken and the coordination number of the atoms in the resultant two 

surface layers. As a result, surface energy will be a function of the 

material as well as the surface orientation. ^’^1 

There is no question but that surface energy is important in the 

tribological behavior of materials It will influence adhesive bonds for 

solids in contact and hence friction and adhesive wear. In addition it 

will determine the nature of the interaction of lubricants with solids. 

The lubricant may either: (1) physically adsorb; (2) chemisorb; or (3) 

undergo decomposition, as has been observed for some hydrocarbons 

with a clean metal surface “ Surface energy has been used in the for- 

23 

mulation of an adhesive wear mechanism. 

While surface energy can be very helpful in understanding the ad- 
hesion friction, wear and lubrication behavior of materials, its present 
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usefulness ts very limited. The principle restriction has been the In- 
ability to obtain accurate experimental surface energy values 

An examination of the surface energy literature reveals wide dis- 
parities in reported values for any one material Table 1 indicates the 
minimum and maximum surface energy values which can be found In the 
literature for some of the elemental metals These data were taken 

jr, 

from a summary by Wawra 

While the broad range of values obtained are of concern, the fact 
that, for example, the minimum to maximum for some metals such as 
iron and chromium fall within the range found for tungsten are of even 
greater concern. It would, be dittivult, based upon reported experi- 
mental data, to identify differences in the surface energy for iron, 
chromium and tungsten. 

As has already been indicated, the surface energy of solids such as 
metals is sensitive to crystallographic orientation Most researchers 
conversant in the subject of surface energy readily agree that this is the 
case Differences arise, however, when actual results are compared. 
The research results of three different investigators who have measured 
the surface energies for various planes of face centered cubic metals 
are presented in Table 11. The results are presented as the ratio of the 
surface energies for the various planes over that for the (111) surface. 

The results of Table ll indicate that not only does the value vary 

with the investigator but more importantly the relative, order of the 
•>a 

metals as well “ 

One of the most significant reasons for the wide disparity in the 
surface energy values retried by various Investigators has been in- 
adequate control over the impurities in the materials. Small concentra- 
tion of impurities m the bulk of a metal can markedly alter the measured 
surface energy of a material. Tills is indicated in the data of Kig. 4 for 
sulfur in iron With an increase in concentration of sulfur, there is an 
accompanvmg decrease in surface energy. Kig. 1. 

Kxtremely small concentrations of bulk contaminant in a metal such 
as iron tan have a pronounced effect in contaminating a surface. For 
example, as little as 8 ppm of carbon in iron will diffuse to the surface. 
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segregate there and contaminate it. This segregation will undoubtedly 
affect measured surface energies. 

The use of high purity materials and the careful characterization ot 
solid surfaces should result in the future acquisition of meaningful sur- 
face energy values. Surface analytical tools are currently being used 
for the needed surface characterization. One which has proven especially 
useful in this regard is the field ion microscope. “ * ’ When used in 

conjunction with the atom probe, its contribution will be enhanced. It 
gives tiie atom by atom structural arrangement on a solid surface and 
with the atom probe an atom by atom chemical analysis 


ALLOY CHEMISTRY 

In practical lubrication systems the mechanical components in solid 
state contact are most frequenth alloys rather than elemental metals. 

The composition of these alloy surfaces are important in considering 
the chemical interactions of such solids with other solids, with gases 
and with lubricants. Even where elemental metals are used, the sur- 
faces of these metals may have compositions entirely different from the 
bulk which results from impurity segregation. 

The field of tribology contains a number of excellent texts. Many of 
these books do not, however, discuss the real nature of the surface to be 
lubricated (see, for example. Refs 23. 28, 29 and 30). Much attention 
is given to the chemistry of the lubricant but little to the chemistry of 
the alloy surface to be lubricated. In fairness to the authors of these 
texts the identification of these surfaces with surface tools just began to 
emerge at the time these texts were written Future texts on the subject 
should, however, not neglect the Importance of the metal or alloy sur- 
face chemistry and the interaction of the lubricant with that surface chem- 
istry. 

With elemental metals, the effect of small concentrations of impuri- 
ties such as parts per million carbon in iron have been shown to affect 
surface chemistry. This was discussed earlier in this paper. Similar 
effects have been observed with other impurity elements in a number of 
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different metals. Surface segregation has been noted for oxygen in 

31 32 33 

platinum, phosphorus in iron, sulfur and carbon in nickel, sulfur 

34 35 36 

in molybdenum, carbon in nickel, and even sodium in lithium. 

The foregoing are only examples, other impurity effects have been 
studied and still other systems, it is certain, will be studied. With some 
of these impurities the metal surface is completely covered by the con- 
taminant which can diffuse from the bulk and even form compounds with 
the metal itself at the test surface. These compounds do not exist in 
the bulk. ^ 

In lubrication systems, the rubbing off of surlace oxides and adsorb- 
ates because the solid surfaces are in contact under relative motion is a 
common occurrence. Frictional heating of the surface layers can pro- 
mote tho diffusion of impurities to the surface under such conditions. 

The presence of impurities in metals is therefore important to surface 
chemical behavior of the materials in solid state contact. A foreign 

atom which mav simply be an impurity in the bulk can be an alloy con- 

34 

stituent of the surface or compound with it. 

When elements are alloyed, the segregation of one element to the 
surface can occur and its concentration at the surface can exceed that 
in the bulk alloy. Thus, for a given alloy the surface metallurgy can 
differ appreciably from the bulk metallurgy. Such surface enrichment 

has been observed with a host of systems. A few examples of such sys- 

37 38 39 

terns include nickel in iron, silver in palladium, gold in copper, 

40 41 42 

copper in nickel, silver in gold, aluminum in copper, tin in cop- 

43 43 44 

per, aluminum in iron, and platinum in osmium. 

The amount of material which can be present on the surface of alloys 
relative to the bulk concentration of the alloying element can be appreciable. 
This is indicated in the data of Table III for aluminum and tin segregating 
to the surface of copper and aluminum to the surface of iron. The surface 
concentration ranges from approximately 3 to 15 times the bulk concen- 
tration of tiie al’jying element. 

One theory relevant to the reason for the segregation of the solute to 
the surface of the solvent metal is that involving lattice strain. It has 
been postulated that if the solute atom is larger in size than the solvent 
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atom, it will strain the solvent lattice and therefore there exists the ten- 
dency to squeeze the solute out of the solvent lattice. From the atomic 
sizes presented in Table VI it appears that the experimental results 
agree with the theory. Still another theory involves the concept of sur- 
face energy reduction. The difficulties in using surface energies has. 
however, already been discussed. 

Surface segregation of alloy constituents has a very definite effect 
upon the adhesion, friction, wear and lubrication of alloy surfaces. 

The effect on the adhesion of copper base alloys can be seen in the data 
of Fig. 5. 

In Fig. 5 a fivefold increase in the adhesion of copper occurs with 
Uie addition of as little as one atomic percent aluminum. Further in- 
creases in the aluminum concentration beyond one percent do not produce 
any further change in adhesion behavior. In fact, the adhesion data for 
pure aluminum in Fig. 5 is approximately the same as that obtained for 
the copper containing one atomic percent aluminum. The data of Fig. 5 
were all obtained with metal and alloy single crystals having a (111) sur- 
face orientation in order to eliminate orientation as a possible variable. 

Both LEED and Auger emission spectroscopy were used to identify 
the segregation of the aluminum to the copper surface. The surface 
structure resulting from this identification is presented in Fig. 6. From 
an examination of Fig. t> it can be seen that the outermost layer of the 
solid consists of a layer of aluminum atoms. The density of aluminum 
atoms in this layer will vary with bulk concentration but the layer is 
always aluminum. It is for this reason that no difference in adhesion 
behavior was detected from one atomic percent to pure aluminum. 

The presence of some alloying elements can, upon segregation, pro- 
mote surface chemical activity and thereby adhesion. Such behavior was 
observed for aluminum in copper while with other elements chemical 

surface activity and adhesion are reduced. Such a reduction effect is 

it 

observed for tie in copper. 

If an alloy of tin (one atomic percent) in copper is sputter cleaned, 
the adhesion behavior of the alloy is comparable to that for pure copper 
as indicated in the data of Fig. 5. The reason for this is that sputtering 
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removes the surface segregated tin. Heating, however, to 200° C causes 
the tin to segregate at the surface and brings about a reduction in adhesion 
(Fig. 5). 

43 45 

Among ferrous base alloys, both aluminum and silicon have been 

found to segregate to the surface of iron. Aluminum in iron segregates 

to the surface and increases adhesion. It also causes, in the clean state, 

an increase in friction and wear over that observed for iron without alu- 
46 

niium. Alloy surface chemistry is therefore important to friction and 

wear as well as adhesion. It should be indicated that, while increased 

surface chemical activity of the aluminum -iron alloy produces an increase 

in adhesion, friction and wear for dry metal contact, it also results in 

46 

increased activity with lubricants which can be beneficial. 

Silicon alloyed with iron behaves in a rather unusual manner. If a 

45 

silicon-iron alloy is heated, silicon will segregate to the surface. 

When, however, the alloy is cooled to room temperature the silicon re- 
turns to the bulk. It is a reversible segregation. This is unlike the be- 
havior of other alloy systems where the segregation is irreversible. If, 
however, the silicon is allowed to react with oxygen while on the surface 
the formation of silicon oxide prevents the return of the silicon to the 
parent lattice from which it came. 

In Fig. 7 friction coefficient is plotted as a function of oxygen expo- 
sure for iron and for an iron 3 1/2 percent silicon alloy. Prior to the 
admission of oxygen, the friction coefficient is extremely high for the 
alloy and the pure iron seizes completely. As the surfaces are exposed 
to oxygen, the friction for both the alloy and the elemental iron decrease. 
This decrease occurs, however, much more rapidly for the alloy than 
for the iron. The difference is due to the segregated silicon and its inter- 
action with oxygen at the surface. The sliding process is capable of 

generating sufficient frictional heating to cause the silicon to segregate 

45 

at the alloy surface. Auger analysis confirmed its presence. 


10 


GAS-SOLID INTERACTIONS 
Specie and Concentration 

Almost all surfaces involved in tribological systems, with Uie ex- 
ception of thos»» operated in a good vacuum (e. g. , 10"^ torr), are ex- 
posed for interactions with gaseous constituents of the environment. 

This is true for lubricated as well as unlubricated systems. 

Oxygen is probably the best "lubricant" available. It will reduce 
friction coefficients for clean metals from complete seizure to values 
of less than 1.0 (See data of Fig. 7). Liquid lubricants will reduce the 
dry sliding value from less than 1.0 to a value of approximately 0. 1. 

Extremely small concentrations of surface films can influence ad- 
hesion and friction. For example, fractions of a monolayer of adsorbed 
oxygon or chlorine on a clean iron, copper or steel surface will reduce 
static friction as seen from the data of Fig. 8. In Fig. 8 static friction 
is ploited as the inverse of surface coverage to the point where the sur- 
face is covered by a monolayer. From these data the importance of 
gas-solid interactions at the surface of the solid is readily apparent. 


Interaction Mechanisms 

There are three basic types of interactions between a gas and solid 
surface: (1) physical adsorption; (2) chemisorption; and (3) chemical 
reaction. Physical adsorption involves weak bonding forces (van der 
WaaLs) and are not specific. Because of the highly energetic state of 
clean metal surfaces it is seriously doubted that such adsorption occurs 
oi» these surfaces other than with inert gases. The forces involved are 
comjiarable to those involved in liquidation. ° 

Chemical adsorption or chemisorption involves very strong chemical 
bonds, comparable to those for chemical reaction and further are highly 
specific. They play a very important role in adhesion and friction as 
indicated in the data of Fig 8. 

Great care must be taken in using chemisorption data which appears 
in the literature. The current use of surface tools in the study of adsorp- 
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lion ha^ indicated that earlier firings are incorrect in many instances. 

For example, earlier studies have indicated that gold does not chemisorb 

oxygen. ‘ More recent studies have, however, with the aid ot LEED 

an 51 

and AES analysis, induated that gold in fact does chemisorb oxygen. ‘ * 
Ref. 49 indicates that nitrogen doe" not chemisorb to platinum while Ref. 
52 reports that it does. The reason tor the earlier study not observing 
adsorption of nitrogen to platinum can be found in Ref. 52. Nitrogen ad- 
sorption becomes significant only alter any carbon contamination is re- 
moved from the platinum surface by heating in oxygen and removing the 
CO that forms from the system. Such results indicate the importance 
of using analytical surface tools to characterize the adsorbing surface. 

Orient at ion ot Solid 

Adhesion and friction are extremely sensitive to surface character 
as already indicated. With various adsorbed gases, friction is not only 
a function of the adsorbed gas but the surface orientation as well. In 
Tables IV and V friction coefficients are presented for various gases 
chemisorbed to three different atomic planes of tungsten (See data for 
oxygen and hydrogen sulfide. Table IV). 

An examination of Table lv r indicates that even hydrogen will reduce 
the friction of tungsten This occ urs on all three planes of tungsten with 
only the magnitude of the reduction varying with the plane. Oxygen is 
more effective than sulfur in reducing the triction ot tungsten. 


Molecular Structure 

The data ol Table V indie ates that even the degree of bund unsatura- 
tion with hydroc arbons has an eftect on friction. The greater the degree 
of bond unsaturation, the lower the friction coefficient for any given 
plane. It is difficult to interpret these results in light of adsorption 
mechanisms proposed for the adsorption of these gases to a tungsten 

surface. For example, with the adsorption of ethvlene whether the ad- 

50 

sorption is a single or two step decomposition process is in dispute. * 
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Disagreement exists even as to the mechanism f<»r the adsorption of the 

vt 

simple hydrocarbon methane to a tungsten surface * * Hopefully future 
surface studies with well characterized surfaces will resolve this conflict. 

From the data of Table V there is no out soon that what is present 
on the tungsten surface varies either ir comp csition or structural arrange 
ment. otherwise friction differences would not be observed This is true 
not only with the adsorption of the various gases on a single plane but 
with different planes of tungsten as well. 

Much of the difficultly in attempts to study adsorption of gases, and 
liquids as well, to solid surfaces is the pronounced eflect small concen- 
trations of bulk impurities can have on the surface This is true with 
mei.'ls such as tungsten and even more so with metals line iron Con- 
c •'!.! r it ions of 10-100 ppm of carbon, nitrogen or sulfur in bulk iron will 
segregate to the surface and will have an effect * When gases are ad- 
sorbed to well characterized iron, pronounced tribological effects are 
seen. 


Frictional Energy Effects 

An area to which very little attention lias been paid is the effect of 
the interfacial frictional energies of two surfaces in rubbing contact on 
gaseous adsorption So me studies by the preset 1 author indicate that 
there is an effect but it is a function of the chemistry of the adsorbate. 
For example if methyl mercaptan is adsorbed onto a clean iron surface 
in the presence and absence of sliding, differences m the quantity of sul- 
fur adsorbed are observed These differences are indicated in the Auger 
spectroscopy data of Fig. 9. 

More sulfur is obser ed on the iron surface iti the absence of sliding 
(Fig. 9). Fric tional heating at the interface can promote desorption of 
the sulfur; tln> and wear could account lor the lesser amount of sulfur 
observed with sliding These data indicate that care should be taken in 
applying static adsorption results to tribological systems 

If sulfur dioxide is adsorbed to a clean iron surface either in the 
presence of or in the absence of sliding, no difference in adsorption be- 
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havior is observed. The Auger spectroscopy data of Fig. 10 indicate 
the same surface concentration of sulfur and oxygen under both conditions. 

The data of Fig. 9 indicate a sensitivity of adsorption to rubbing 
with methyl mercaption while the data of Fig. 10 indicate an absence of 
such sensitivity. If sliding in Fig. 9 causes desorption of sulfur, then 
oxygen bonded to the sulfur must assist in resisting desorption, Fig. 10. 
This implies stronger bonding of oxygen to iron than exists for sulfur to 
iron. 

The relative stabilities of sulfur and oxygen on an iron surface 
can be demonstrated with the aid of the data from Fig. 11. The data of 
Fig. 11 were obtained in experiments in which a well characterized clean 
iron surface was first exposed to 10,000 langmuirs of hydrogen sulfide 
by the present author. The hydrogen sulfide dissociatively adsorbs on 
the iron surface leaving a surface saturated with a sulfide film. If that 
surface is then exposed to oxygen, the oxygen will nearly completely 
displace the sulfur. This phenomena of displacement is evidenced by 
the data of Fig. 11. 

An oxidized iron surface was exposed to hydrogen sulfide. Sulfur 
did not displace the oxygen on the iron surface. Thus, from these re- 
sults one could infer that iron oxide is more stable than is iron sulfide. 

It should be indicated that the oxide is the rmdynamic ally unstable relative 
to the sulfide in hydrogen sulfide when no oxygen is present but the acti- 
vation energy hump must be overcome. 


Effect of Mechanical Parameters 

Mechanical effects other then simply sliding of the surfaces can have 
an effect on adsorption and correspondingly on such tribological proper- 
ties as friction behavior. For example, increasing loads for surfaces 
in solid state contact as well as increasing sliding velocity between such 
surfaces will increase the generated interfacial energy. It is reasonable 
to assume that such changes in energy will alter adsorption behavior. 

Sliding friction experiments were conducted by the present author 
in which an iron surface containing a normal surface oxide was operated 
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in a vinyl chloride atmosphere at a pressure ot 10 ' ton* In a series 
of experiments, the load was Increased amt both friction tone and Auger 
peak Intensities for chlorine monitored The results obtained are pre- 
sented in Fiji U 

An examination of Ftg 12 indicates that the concentration til chlorine 
in the wear contact /one ts a (unction of load Chlorine concentration 
ttrst increases with load as the friction coetttcient dec ('eases. An opt l 
mum surface coverage is achieved at which point the friction coefficient 
ts ai a minimum Beyond this potm surface coverage by chlorine de 
creases amt this dei reuse is accompanied by a corresponding increase 
in friction cot'll u tent 

Very little wear occurs to the surfaces presented in Ktg 12. The 
concent! • on of chlorine at the surface is 10 " ton* and consequentially 
corrosion or corrosive wear ts not involved. 

A considerable amount ol daia in the literature dealing with adsorp- 
tion tit lubricating species to solid surfaces are the result of static ex- 
posures. More data on the dynumh mtertacial effects on adsorption 
are needed. 


I.IQI'IP SOI 10 IN ITHAOTIONS 

In lubrication systems the liquid to solid Interlace and the chemical 

interactions that take plan' at the liquid to solid interlace are extremely 

Important As a consequence considerable rescan h has l>een expended 

m understanding thesi interactions The adsorption ol liquids and the 

elicits of hydrocarbon chain length, lumttonul gnnqvs. etc . were ex 

plored hack at the tune of tlardv 

An area wh ch has been neglei ted by the tnbologtst is the effect 

of surface liquids on the mechanical behavior of solids The materials 

scientist ts very tamtltar with these effects For example, some sur 

face lllms printuce mechanical strengthening ot surface' lavers of the 

v, 

solid while othei prode* e : weakening or sotleutng * * These effects 
.mis I play a role in Me behavior of mechanical coiiqvonents of tribological 
svstems 
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Figure 13 Illustrates surface effects in a typical stress strain din* 

gram With certain surface films (e g , oxides) a surface mechanical 

strengthening occurs called the Koscoo effect because it was first ob- 

5tl 

served by him in the strengthening of cadlum crystals by its oxide.' 

In contrast the presence of certain liquids on the surface of solids pro- 
duce a softening effect Many of these liquids are lubricants (e g . oleic 
acid). ' ‘ Kehbtnder observed this surface softening on many solids in a 
number of different liquids and it is therefore called the Kehbtnder ettect. 

From the stress - st rain curves of Fig, 13 it is apparent that surface 
chemistry can influence the mechanical behavior of solids Films such 
as oxides can strengthen the material while certain lubricating types of 
films can increase plasticity Such effects are important and should 
not tv overlooked m attempting to understand lubricated systems These 
effects are demonstrated in Fig U with data front friction and wear 
experiments 

rite data of Fig. M are front friction and wear experiments in which 
Hints were examined on the surface of the basal fOOOl) plane of a single 
crystal of zinc Three surface states ot the . tnc were studied, a clean 
surface generated by cleavage In liquid nitrogen, an oxidized surface 
and a i leaved surface containing a layer ot 5 penent hydrochloric acid 
in water l he cleaved i lean surface would bo analogous to the normal 
surface of Fig 13. the oxidized surface, -irengthening by the Koscoo 
elfect and the and «-olutton would Iv a manite-tatton id the Kebtnder 
effect of Fig 13 

The tnetton coefficient as a function of load in Fig I t is greater 
tor the oxidized surface than it is for the surface lubricated with the acid 
film These results are as might be anticipated because, in a sense, the 
acid laver is a lubricant Chemical reactions with the surface leads to 
the formation of zinc chloride. 

The wear track widths are presented m Fig M tor all three surface 
states These and the friction results were obtained some years ago by 
the present author '' The greatest amount ot surface deformation oc- 
curred with the acid solution, the substance which produces surface 
softening fRebinder effect) 
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The clean, "as cleaved” crystal surface produced intermediate 
amounts of surface deformation with the least surface deformation taking 
place in the presence of the surface oxide. Thus, surface chemistry is 
important in the mechanical behavior of tribological surfaces. 

The mode of deformation as well as the amount is affected by the 
presence or absence of surface films. In Fig. 15 the zinc single crystal 
surfaces are examined after sliding experiments with hexadecane present 
on the surface. Figure 15(a) is for the surface without an oxide layer 
preformed and Fig. 15(b) is the wear track generated in the presence of 
an oxide film. Without the oxide, deformation is completely plastic via 
slip When the oxide is present deformation twinning is observed as 
shown in the photomicrograph of Fig. 15(b). A ” ladder” of deformation 
twins is detected in the wear track of Fig. 15(b) These twins are com- 
pletely absent in Fig. 15(a). 

SOLID-SOLID INTERFACE 

The surface chemistry and bonding across an interface for two solids 
in contact is extremely important in understanding the adhesion, friction 
and wear behavior of materials. With metals and alloys, the materials 
which have received the greatest attention with respect to chemistry, 
various properties have been found to affei t their surface chemical ac- 
tivity. Such properties include: (l) crystal structure; (2) crystal ori- 
entation: (3) solid solubility; (4) surface segregation; (5) surface energy; 
and (6) d bond character. 


Crystal Structure and Orientation 

The manner in which metallic atoms bond to one another in the bulk 

will determine the crystal structure that results Interfacial bonding of 

hexagonal metals generally results in strong bonding at the interface but 

easy shear along basal planes which allows for limited growth in the real 

contact area, low adhesive bonding forces (because of easv separation 

5 ( ) 

along basal planes) and low friction. 
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Crystallographic orientations at metal surfaces are extremely im- 
portant in surface chemistry ami in solid to solid interactions. Gener- 
ally in any crystal system (e.g. , C. P.H. . F.C.C. or D.C.C.) the high 
atomic density planes are the low surface energy planes and corre- 
spondingly the least chemically active. Thus, when { 111 } planes are 
brought into contact for face centered cubic metals the adhesive bonding 
is less than when two { 110 } planes are brought into contact. Likewise, 
with hexagonal metals, bonding is weaker between {0001 } planes than it 
is between { 1010} planes. This orientation influences bonding effects. 

v) 

adhesion, friction, and adhesive wear.' * 

The foregoing discussion applies to metals in clean solid state con- 
tact. When a metal is adsorbed on a solid surface of the same metal the 
same interaction characteristics exist. Thus, for example, the bonding 
energy for tungsten adatoms is less on the (110) plane than it is for the 
(111) plane/' 0 " 61 In Ref. 00 it is 121 Real g atom" 1 for the (110) plane 
ami 130 Real g atom" 1 for the (111) plane. Similar observations have 
been made in adhesion and friction studies with tungsten; that is, ad- 
hesive bonding (and correspondingly friction! are less on the (110) than 
on the less dense atomic planes. 


Solid Solubility 


Through the years a number of attempts have been made to corre- 
late the solid solubility of metals (bulR) with adhesion, friction and wear 

o n j* 

of metal surfaces '* Adhesion, friction and adhesive wear are large- 
ly the result of surface properties and consequently surface chemistry, 
rather than bulk chemistry should lv considered Ample evidence exists 
to establish differences between surface and bulk bonding of. for example. 


dissimilar metals 

n R 

Tin. copjvr, and gold are completely insoluble in tungsten. ‘ De- 
spite this bulR insolubility, these elements bond very strongly to the sur- 
face of tungsten. With tin. there are two binding energies, a weaker one 
comparable to the binding energy in bulk tin and a second energy which 
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is much stronger and occurs in the first monolayer of tin where each tin 

60 

atom contacts four tungsten atoms. This bond is unusually strong. 

With gold to tungsten, the bond is inter metallic in nature at the inter- 

70 7 1 

face. Copper alloys with the tungsten surface 

Adhesion experiments in the field ion microscope have revealed 

strong adhesive bonding and transfer of gold to tungsten with surface 

72 

compound formation. Adhesion and transfer of copper to tungsten 

5 9 

has been observed in sliding friction experiments. 

The foregoing caveat against using bulk properties to predict sur- 
face behavior not only applies to metal metal contacts but to metals 

contacting nonmetals as well. For example, gold has extremely limited 

-5 

solid solubility in both silicon and germanium (less than 10~ atomic 
fift 

percent). Despite this very limited solubility, gold bonds very strong- 

73 

ly to silicon and germanium in adhesion experiments. 

Figure 16 is a photomicrograph of a silicon (111) surface after ad- 
hesive contact with gold. Heavy transfer of gold to the silicon is ob- 
served. The amount of transfer is greater than is frequently seen for 

metals in contact with other metals where complete solid solubility 
59 

exists. The gold cohesive bonds were weaker than the gold to silicon 
interfacial adhesive bonds, thus resulting in f racture in the gold. 

Strong interfacial bonding was also observed (Ref. 73) for gold to 
germanium. Separation of the adhesive junction, however, fracture 
occurred in the germanium rather than in the gold. Th° cohesive bind- 
ing energies of gold and germanium are nearly equal. Thus, where the 
intertacial binding is stronger than the cohesive binding in the elements 
fracture can occur in either. In the studies, of Ref 73, it fake place In 
the germanium. The cohesive binding energy of silicon, however, is 
stronger than gold and consequently, fracture occurs in the gold for this 
particular couple. 

The foregoing discussion indicates the importance of avoiding the 
u<e of bulk properties to predict surface behavior. On the basis of the 
solid solubility theory, very little adhesion and transfer should occur 
for the particular couples discussed yet the opposite result is observed. 
Conversely, beryllium is soluble in cobalt yet very little adhesive trans- 
fer is observed. 
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Valence Bonding 

The Importance of surface segregati. i and surface energy in solid 

state contacts has already been discussed. The role of d valence bond 

character of metals on bimetallic adhesion and friction can be useful in 

74 

predicting friction coefficients for various metals in contact. This 

concept gives an indication of the relative amount of electron energy 

available at a free surface for bonding based on that which is committed 

to cohesive bonding within the metal itself. Recently, the concept has 

been applied to metal to nonmetallic bonding, adhesion, and friction of 

7 r > 

metal to nonmetal couples. 


SUMMARY 

A critical review of the chemistry of surfaces indicates that much 
of the interpretation of the data generated in the jiast may now bo suspect 
because of inadequate characterization of the surfaces. Analytical tools 
are now available to assist in this characterization. They have already 
revealed that many metal surfaces do not consist of metallic atoms but 
rather atoms of bulk impurities which diffuse to the surface and con- 
taminate it. It is now apparent that the wide disparity in the values of 
surface energy may bo a result of these surface contaminates. These 
surface films are important because even fractions of a monolayer can 
affect adhesion and friction. 

Bulk alloy chemistry can not be extended to the surface because 
equilibrium segregation will result in a different surface alloy chemistry. 
The adsorption ot lubricating species on the surface of solids is highly 
specific and not only dependent upon chemistry but orientation as well. 
Mechanical surface activity influences the adsorption process in some 
instances and mechanical properties, such as plastic deformation are 
altered by the presence of adsorbates. 

Strong interfacial bonding between dissimilar materials which are 
insoluble in the bulk occurs and in some instances the bonding and mate- 
rial transfer observed is greater than seen with those' materials which 
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are completely soluble, one in the other. Such observations argue 
against the use of bulk properties to predict surface behavior. 

Adhesion, friction, wear and lubrication are highly dependent upon 
surface chemistry and, therefore, surface rather than bulk behavior 
should be used in studying mechanisms which are clearly surface re- 
lated. Assuming that bulk properties are also surface properties can 
be very misleading. 
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TABLE l. - VARIATION IN VALUES OK REPORTED 
SURFACE ENERGIES* 


Element 

2 

Surface energy. ergs cm 

Temp. , 
°C 

max 

min 

■ 


950 

-273 



600 

-273 

Au 

IBM 

590 

-273 

Fe 

52t>7 

1980 

-273 

Tt 

2720 

LM.i. i W' - 

25. -273 

Cr 

4 M>1 


-273 

W 

9410 

WBSM 

3370 


*H . R. vVawra, Rado\ R, R. , 41 1973)602. 


TABLE II. - STRUCTURAL DEPENDENCE OF SURFACE ENERGY 


ON FACE -CENTRED CUBIC METALS 


Plane 

Sundquist^ 

Au. Ag, Cu, Ni 

Winterbottom & 
Gjostein 21 
Au 

Mykura 1 ® 

Ni 

(111) 


1.00 



1.047 

1.072 


(311) 

1. 119 

1.065 


mm 

1. 15 

1.047 

1.01 

EH 

1. 16 

1.055 

1. 00 


TABLE III. - MAXIMUM COVERAGE OF MINOR CONSTITUENT 

ON ALLOY SURFACES 


Alloy 

Ratio of surface 
concentration 
to bulk 

concentration 

Atomic size from lattice 
nearest neighbor 
distance 

Cu-1 a o A1 

6. 5 

Cu-2. 556 Angstrom -f. c. c. 

Cu-5 a o A1 

4. 5 

Al-2.862 -f.c.c. 

Cu-10 a o A1 

3. 1 

Sn-3.022 -Tetragonal 

Cu-1 a o Sn 

15. 0 1 2 

Fe-2. 481 -b.c.c. 

Fe-10 a/o A1 

8.0 



Note: Atomic size gives a rough measure of the amount that the 
alloy atom strains the parent lattice. 














r.vm y iv infi.ufncf of vakious chfmisohhfo c.asfs on 

FWICHON OOF FFU'IFNT TUNOkSTKN IN VACUUM* 


OhemtsorbeO 

lias 

Coefficient of friction 

For (110) 
plane 

For (210) 
plane 

For (100) 
plane 

None 

1.33 

1. 00 

3.00 

"a 

1.35 

1.33 

1 . 06 

o 3 

0.05 

1.00 

1.30 

oo 3 

1. 15 

l. 15 

1,40 

H. ; S 

1.00 

m m m m 

1.35 


*HUtcr specimen, (ICO) atomic plane at imu;sli'i\; load, 
50 r; Muling velocltx . 0. 001 cm sec; temperature. 
30° C; pressure, 10 Vorr. 


1' AIM F \ IN FI UFNCF OF UONl> SA IT NATION OF CHFMISOHUFP 
AS VS ON FKU'HON OOFFFU'tKN l OF ll NvIStt N IN \ VOITM* 


Chemisorbed 

Has 

Coeftietent ot friction 

For (110) 
plane 

For (310) 
plane 

For (100) 
plane 

Flhane >U,v' CH,,) 

1. to 

t, 10 

1.25 

Ftln lene (ll«C CH..) 

tk «. 

0. 86 

0. 83 

1. 20 

Aeetv lene v M v ' HO 

0, 70 

0. 06 

1.00 


*Knler (100) piano ot tungsten; lo.nl. ;»0 s Inline veloc- 

ity. 0 001 cm sec; it'mpt'r.iUiiv, 30° O; ambient pressure, 10 

I'orr, 
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tion of inverse of adsorbate concentration, o . 
chlorine on copper. □ . chlorine on iron. ■ , 
oxygen on iron, a . oxygen on stell, • , oxygen 
on copper (minimum p s )(rcf. 471. 
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METHYL MERCAPTAN ICHjSHI EXPOSURE, LANGMUIRS 

Figure 9. - Auger spectroscopy detection ot sulfur adsorbed 
on a dean iron surta: e exposed to methyl mercaptan 
under static conditions and during sliding friction. 
Sliding velocity. 30 Lentimeters per minute; load, 

100 grams; ambient temperature, 23 C 





Figure 10. - Auger spectroscopy detection of sulfur and 
oxygen adsorbed on a clean iron surface exposed to 
sulfur dioxide under static conditions and during 
sliding friction. Sliding velocity, 30 centimeters per 
minute; load. 100 grams; ant bient temperature, 23 C. 
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Figure 11. - Auger spectroscopy evidence for the displace- 
ment of sulfur from an iron surface by oxygen. Initial 
sulfide film formed by exposure of iron surface to 
10 000 langmuirs of hydrogen sulfide at 23° C. 




Figure 12. - Coefficient of friction and Auger chloride peak 
intensity as function of load for vinyl chloride on iron 
surface. Ambient pressure, 10' 6 torr of vinyl chloride; 
rider specimen, aluminum oxide; sliding velocity, 

30 centimeters per minute; temperature, 23° C; normal 
oxides present on iron surface. 


COEFFICIENT OF TRACK WIDTH. 

FRICTION 



Figure 13. * Schematic Illustration of the principjl ex- 
trinsic surface effects iref. 551. 
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Figure 14. - Width of wtur track and coefficient of frlr 
lion produced with ruby ball sliding on tine single 
i iwtal lOOOll surface in U010] direction. Sliding 
velocity, 1.4 millimeters per minute; temperature, 
Z3° Cj dry argon atmosphere. 
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